The complex architecture of bacterial biofilms inevitably raises the question of their design. Microstructure of developing Escherichia coli biofilms was analyzed under static and laminar flow conditions. Cell attachment during early biofilm formation exhibited periodic density patterns that persisted during development. Several models for the origination of biofilm microstructure are considered, including an activator-inhibitor or Turing model.
The complex architecture of bacterial biofilms inevitably raises the question of their design. Microstructure of developing Escherichia coli biofilms was analyzed under static and laminar flow conditions. Cell attachment during early biofilm formation exhibited periodic density patterns that persisted during development. Several models for the origination of biofilm microstructure are considered, including an activator-inhibitor or Turing model.
Microbes colonize surfaces and form biofilms in a variety of natural and artificial systems, apparently to provide protection against deleterious conditions (5, 6, 24, 30, 35) . As self-organized communities, bacterial biofilms exhibit complex structures consisting of cells embedded in an extracellular polysaccharide matrix (references 8, 13, and 24 and references therein). While protecting individual cells, the biofilm structure should permit efficient exchange of nutrients, waste products, and signaling molecules (25, 29, (33) (34) (35) . Mass transfer between cells inside these structures and the environment is based primarily on diffusion. Thus, the complex three-dimensional structures observed in certain biofilms, including pillars, mushroom-like and tree-like structures, valleys and channels, or combinations thereof, may improve mass exchange based on hydrodynamic flow (25) . Spatial features of the biofilm no doubt reflect the particular species and its environment and in part define the biofilm phenotype (24, 29, 35) .
The present study analyzes the periodicity of the Escherichia coli biofilm microstructure. A stable csrA insertion mutant (TR1-5MG1655 [28] ) of the wild-type strain MG1655 was primarily utilized in these studies because it exhibits accelerated, though structurally typical, biofilm formation (12, 13) . The csrA gene encodes a small RNA binding protein that functions as a global regulator for E. coli and other bacteria (reviewed in reference 27). The primary effect of the csrA mutation on biofilm formation is to enhance glycogen biosynthesis at the transition to stationary-phase growth and subsequent glycogen catabolism (1, 28, 39) , which may provide precursor(s) for adhesins and/or other components (13) . Essentially identical patterns were seen with other E. coli strains, including the csrA wild-type strain; see below.
Patterns under static conditions. Bacteria were cultured in Luria-Bertani medium (19) (13) . Sterile poly-L-lysine-treated coverslips were placed into a petri dish containing 50 ml of a freshly inoculated medium. Poly-Llysine is a widely used to improve adhesion of eucaryotic cells and tissues to substrates (e.g., see reference 11), and it was found to stabilize the attachment of E. coli biofilm to glass, without affecting the cell attachment patterns (data not shown). Attached cells were examined after removing the coverslips from the medium and gently rinsing with phosphate buffer. The coverslip was inverted over a Parafilm gasket on a microscope slide, and the cells were observed in phase contrast using an Olympus BX60 microscope (Thornwood, N.Y.). Images were recorded with a COHU-4910 CCD camera (COHU, Inc., Florence, Ky.) connected to a frame-grabber board (GMS500; Scion Corporation, Frederick, Md.), installed in a personal computer. All image processing used Image Pro-Plus 4.1 software (MediaCybernetics, Silver Spring, Md.). Figure 1 shows cell attachment to coverslips during biofilm development. After 2 h, many of the cells were attached to the glass surface, not to each other (Fig. 1a) . Later, the cell distribution showed alternating sites of densely and sparsely attached bacteria (Fig. 1b) . Finally, the surface became completely obscured ( Fig. 1c to d) .
The pattern of cell attachment in a biofilm monolayer was quantitatively examined (Fig. 2) . A digital image (Fig. 2a) was analyzed by two-dimensional fast Fourier transform (FFT) (Fig. 2b) . The choice of this approach was dictated by the fact that periodic structures, regardless of their nature, can be characterized by a typical wavelength. Hence, spatial spectral analysis is an extremely powerful tool to quantify a spatial order. While FFT has not been used previously for the analysis of biofilm structure, it has been useful for analysis of the periodicity of bioconvection patterns of motile bacteria (3, 7) . The FFT image (Fig. 2b) consisted of a bright spot at the center of the coordinate system, surrounded by a dispersed ring, representative of wavelengths existing in the system. The distance between each point of the transform field to the center of the coordinate system corresponds to the particular spatial frequency (inversely, the wavelength). A zero frequency point in the center of the coordinate system corresponds to the infinite wavelength (realistically, to the size of the entire image), and the most distal points correspond to the maximal frequency or minimal wavelength of a single pixel. The wide, bright, symmetrical ring on the FFT image of the biofilm microphotograph corresponds to distinct small-wavelength objects, i.e., bacterial cells. The symmetry of the spectrum reflects the fact that the cells are distributed isotropically. The central bright spot corresponds to the longer wavelengths present in the pattern. This part of FFT spectrum shows the spatial order in which cells are attached to the supporting glass surface. Note the relative lack of intermediate wavelengths between the average bacterial size and the characteristic spatial distribution length, evidenced by a dark circular band. This reveals that cell distribution is nonrandom; otherwise, a continuous spectrum would result. The intensity profile of the two-dimensional FFT spectrum, taken horizontally through its center, is shown in Fig. 2C . This panel also highlights, in red, the boundary for the low-pass operation (described below). For comparison, the FFT spectrum and its profile from a quasi-random pattern are shown (Fig. 2e , f, and g). The image for this analysis (Fig. 2e ) was obtained by growing the biofilm until the surface of the coverslip was completely obscured, before the cells were photographed.
To allow better visualization of the cell density pattern, the outer, high-frequency part of the FFT spectrum was eliminated by a low-pass operation. The boundary for the low-pass operation was set at 10% of the amplitude of the central bright spot after subtraction of background intensity. The filtered spectrum was then subjected to inverse transform (Fig. 2d) . The resulting pattern directly reflects the density distribution of attached cells. It is similar to the electron density cloud of an atom or molecule, which shows the probability of finding an electron at a given position at any given time. Corresponding regions are marked in color to illustrate the direct correlation between areas of low or high cell attachment and low or high density distribution ( Fig. 2a and d) . The estimated characteristic wavelength of this pattern was 13 m. Such patterns were typical of developing monolayer biofilms. Note that earlier attachment patterns exhibited longer wavelengths, e.g., ϳ20 m for the image in Fig. 1a (data not shown) . FFT is not a unique way to derive cell density distribution. Any image- processing filter with a low-pass option capable of suppressing small details should produce a similar pattern.
A periodic pattern of cell distribution also was observed in more mature, three-dimensional biofilms (Fig. 3) . The uppermost cells of the image are in sharp focus and appear as distinct dark stripes on a gray, granular background of lower cells (3a). The former cells exhibit a surprisingly clear distribution pattern. Part of the image in Fig. 3a was magnified, and its contrast was enhanced to emphasize the uppermost cells (Fig. 3b) . Then, FFT was applied (Fig. 3c) , as described above. Subsequent low-pass operation and inverse transform revealed a pattern with a wavelength of 10.2 m (Fig. 3d) , close to that observed for a monolayer (Fig. 2) . Next, the internal structure of a ϳ30-m-thick, 48-h biofilm was visualized by staining cells with acridine orange and examining the biofilm with confocal laser scanning microscopy (CLSM) using a Zeiss LSM 410 microscope containing a ϫ40 1.2-numerical aperture C-Apochromat objective lens. Excitation and emission wavelengths were 488 and 510 to 525 nm, respectively. Optical sections are shown in color in Fig. 4 . Spatial Fourier transform analysis of a series of images from this biofilm showed a characteristic wavelength of 11.5 Ϯ 1 m from 2 m up to a distance of 20 to 25 m from the substrate, at which point the structure became more open. Cell densities after the low-pass operation are shown in black and white. These images resemble sections taken through a sponge; the wavelength of the pattern remains constant throughout most of the internal structure, although the precise density distribution varies. Essentially the same cell attachment patterns were obtained for the csrA wild-type strain (MG1655), a clinical isolate, E. coli P18, which was obtained from a biofilm-colonized urinary catheter (13, 16) , and a nonmotile (⌬motB) mutant of TR1-5MG1655 (13; also data not shown). These biofilms were analyzed only during early development, because of their relatively weaker attachment and slower growth. Similar patterns were also evident for the csrA mutant on both untreated or poly-L-lysine-treated glass, as well as polystyrene, indicating that they are not surface specific (data not shown).
Patterns under laminar flow. Biofilm formation in CFA medium under laminar flow conditions was investigated in a Stovall flow cell (Life Science, Inc., Greensboro, N.C.) fitted to the stage of the Olympus BX60 microscope. The channels (1 mm high by 4 mm wide by 40 mm long) of the flow cell are covered with a #1 glass coverslip attached to the cell with acrylic adhesive. The chamber was treated with poly-L-lysine to improve cell adhesion, and a 1:50 inoculum of the csrA mutant of MG1655 was used. Image acquisition, processing, and software remained the same as described above. Unlike Pseudomonas aeruginosa (29) , E. coli attached to the flow cell only at relatively low flow rates. The biofilm grew at a flow rate not exceeding 50 ml/h through a single chamber of the Stovall cell, corresponding to a linear average flow speed of 3.5 mm/s (Reynolds number 3). Biofilm growth was slower than under static conditions and required ϳ4 to 5 days before distinct structures were observed. Although laminar flow studies were conducted at ambient temperature (ϳ24°C) instead of at 26°C, this did not account for the much slower growth under flow, since static cultures grew well at ambient temperature (data not shown). Cell density patterns differed depending on the means of inoculation of the flow cell, i.e., under static versus continuous flow conditions. Figure 5a and b show cell density of biofilm after 96 h of growth. Inoculation was conducted under static conditions for 2 h, after which a flow of 15 ml/h (1.04 mm/s average linear speed) was maintained. The periodic pattern resembles a lattice structure, with a characteristic wavelength of ϳ50 m (Fig. 5a) . No measurable anisotropy was observed for biofilms inoculated under static conditions. Upon further development, these patterns underwent a gradual decrease in size. After 144 h, structures that had originally been ϳ50 m became subdivided into smaller structures with a characteristic wavelength of 12 to 15 m (data not shown), similar to that of statically grown biofilms. Figure 5c shows the biofilm pattern formed after 50 h of cultivation under the same flow rate, but with in-flow inoculation conditions. A diluted overnight culture was pumped through the flow cell during the first 2 h. Afterward, the feeding solution was switched to the pure cultivation medium. This pattern consists of a mixture of partial cells, similar to that shown in Fig. 5a , and streaks in the direction of the flow. The visible anisotropy of the pattern suggests the importance of the initial cell distribution in the later development of the biofilm. Figure 5d shows the biofilm patterns after 72 h of cultivation at a higher flow rate, 22 ml/h. No trace of the lattice structure was observed, only a pattern of quasi-periodic streaks.
Conclusions and potential models. Cell arrangements in certain bacterial biofilms have been previously suggested to be nonrandom based on visual appearance (reference 31 and references therein). However, to our knowledge this is the first study to quantitatively analyze this feature. Importantly, the cellular attachment pattern of statically grown two-dimensional biofilms exhibited a wavelength similar to that of the cell distribution pattern in more mature, thick biofilms. This suggests that the process responsible for their origination is translated upward as the biofilm grows.
The cause of these patterns is unknown, but they might originate by a number of possible mechanisms. (i) Randomly attached bacteria could serve as initiation sites and attract other cells through chemical signaling, i.e., chemotaxis. Nevertheless, the similar distribution patterns of motile and nonmotile strains would seem to eliminate this model. (ii) Current information indicates that under certain conditions, biofilm maturation depends upon intercellular communication, i.e., quorum sensing (2, 10, 14, 17, 26, 35, 38, 40) . The essence of quorum sensing is that gene expression is regulated in response to cell density by a small diffusible molecule, which accumulates during growth. Quorum sensing requires the presence of sufficient numbers of bacteria for the signal to accumulate and appears not to be needed for the initial stage of biofilm development (10) . P. aeruginosa rhamnolipid surfactant, which is regulated by quorum sensing, can help to maintain biofilm architecture by keeping channels open but is synthesized only in maturing biofilm and does not determine biofilm architec- ture (9) . (iii) Mathematical models based on nutrient availability have been used to describe the origination of biofilm structure (e.g., see references 34 and 37). However, these models are inadequate to predict nonrandom cell attachment in early monolayers growing in rich medium. Such models also predict that under minimal sheer and limiting nutrients, pores proximal to the nutrient source should become constricted with growth relative to distal pores (34), which was not observed to occur in the present study (Fig. 4) . (iv) Bioconvection patterns arise due to motions generated as a result of hydrodynamic instabilities, e.g., in suspensions of motile microorganisms, and have been extensively studied in recent years (3, 7, 15) . Due to hydrodynamic limitations, the wavelengths of periodic structures in bioconvective patterns are in the range of a few millimeters, two orders of magnitude greater than the wavelengths of the biofilm patterns. (v) Periodicity in many biological systems, including excitable tissues, morphogenesis processes, and population dynamics, can be explained on the basis of models that involve two major variables, an activator and an inhibitor (4, (19) (20) (21) (22) . In one model for the generation of stationary periodic patterns, the Turing model, the activator-inhibitor system requires that the diffusion of the inhibitor is much faster than the diffusion of the activator (4, 21) . In a growing bacterial system, the population density itself might be considered as the activator variable. The inhibitor should be a substance released by bacteria which prevents other bacteria from attaching. According to this model, the cluster of neighboring cells creates a chemical "inhibitory field," protecting the surface from colonization at a certain distance from the cell clusters. Cells that are already included in the cluster should be indifferent to the "repellent." Thus, the developing biofilm creates a potential barrier for cell attachment, exhibiting long-range repellant and short-range attractive forces. It should be emphasized that the repellent need not physically block cell attachment. As illustrated by bacterial chemotaxis (18) , the capacity of a substance to alter the probability of a simple cellular activity (e.g., flagellum motor switching) can dramatically influence population behavior. We have observed that cells of monolayer biofilms often attach, disassociate, and then reattach to the substrate at a nearby location (unpublished data), and similar cell migration within biofilms has been documented previously (e.g., see references 23, 32, and 36). Such behavior might permit cells to sample the immediate environment before stable attachments are formed and thereby influence the attachment patterns. Finally, the anisotropy that is introduced by inoculation under flow is consistent with, but not proof of, the activator-inhibitor model.
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